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Abstract A coupled electron-ion transfer reaction at thin
organic-film-modified electrodes (TFE) is studied in the pres-
ence of glucose oxidase (GOx) under voltammetric condi-
tions. TFE consists of a graphite electrode modified with a
nitrobenzene solution of decamethylferrocene (DMFC) as a
redox mediator and tetrabuthylammonium perchlorate as an
organic-supporting electrolyte, in contact with aqueous buffer
solutions containing percholarte ions and GOx. The redox
turnover of DMFC coupled with perchlorate transfer across
water|nitrobenzene interface composes the coupled electron-
ion transfer reaction. Glucose oxidase strongly adsorbs at the
liquid|liquid interface affecting the coupled electron-ion trans-
fer reaction by reducing the surface area of the liquid interface,
prompting coadsorption of the transferring ion and lowering
down slightly the rate of the ion transfer reaction. Although
the enzyme exists as a polyvalent anion over the pH interval
from 5.6 to 7, it does not participate directly in the ionic cur-
rent across the liquid interface and percholrate remains the
main transferring ion. Raman spectroscopic data, together
with the voltammetric data collected by three-phase droplet
electrodes, indicate that the adsorption of the enzyme does not
depend either on the redox mediator (DMFC) or the organic-
supporting electrolyte, while being driven by intrinsic interac-
tions of the enzyme with the organic solvent. The overall
electrochemical mechanism is mathematically modeled by
considering linear adsorption isotherm of the transferring
ion, semi-infinite mass transfer regime, and phenomenologi-
cal second-order kinetic model.
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Introduction
Over the last two decades, thin organic-film-modified elec-
trodes [1–8] (TFEs) and three-phase electrodes [9, 10]
(TPEs) emerged as a simple but powerful experimental tool
for studying complex coupled electron-ion transfer reactions.
Their application spans over analysis of ion [11–14] or
electron-transfer [15, 16] reactions across liquid|liquid (L|L)
interface, study of the mechanism of redox transformation in
the organic film [17–19], nanoparticle preparation [20],
electrocatalysis [21], and bioelectrochemical studies of
redox-inactive proteins [22, 23]. The thin-film electrode is a
rather simple system that consists of graphite electrode (GE)
covered with a thin, micrometer-dimension film, of a water
immiscible organic solvent (O). The organic solvent contains
a lipophilic neutral redox-active probe and a lipophilic elec-
trolyte. By immersing the modified electrode in an aqueous
electrolyte (AQ), a stable liquid|liquid interface is formed be-
tween the two liquid phases. While the potential difference at
the GE|O interface is externally controlled, the potential dif-
ference at the liquid O|AQ interface is mainly controlled by
the partition of a common ion (e.g., ClO4
−), present in a large
excess in both liquid phases. In the course of the voltammetric
experiment the electrode reaction of the redox compound is
coupled with virtually simultaneous charge compensating ion
transfer reaction at the other side of the liquid film, i.e., at the
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O|AQ interface. In such scenario, the overall coupled electron-
ion transfer reaction at the TFE resembles the charge transfer
processes at cellular membranes, where the ion transfer reac-
tion at one side of the membrane is energetically driven by the
redox reaction at the other side of the membrane. Obviously,
from a thermodynamic standpoint, TFEs are a valuable tool
for mimicking some aspects of membrane processes. Accord-
ingly, in the last decade, significant efforts have been made to
study the thermodynamics [9, 11–14] and kinetics [3, 4, 24] of
coupled electron-ion transfer reactions. This also includes ion
transfer processes across lipid-modified L|L interface [25], as
well as studies of the mechanism of redox transformations
within the lipophilic membrane of biologically relevant spe-
cies [17–19].
Karyakin et al. were the first who attempted to apply TFEs
in the study of redox proteins. The composition of the hydro-
phobic (organic) phase of such an electrode consisted of a
nonpolar solvent, deposited as a thin film on a strongly hydro-
phobic redox polymer [22, 23]. They have demonstrated that
the response of TFEs could be significantly enhanced in the
presence of a variety of redox-inactive proteins extracted from
the aqueous phase into the organic film. Most probably, the
surfactant-supported extraction of proteins actually contribut-
ed to a significant amount of the aqueous electrolyte to be
present in the organic phase. The so-formed water-in-oil
micro-emulsion system actually caused the enhanced electri-
cal conductivity. This was, most probably, the critical reason
for getting better features of the voltammetric response of
TFEs in the presence of proteins [22] and not the protein itself.
In recent years, there has been an increased attention in the
study of proteins at L|L interfaces, mainly by means of the
four-electrode configuration setup [26–33]. Of particular in-
terest are electron-transfer reactions across the L|L interfaces
involving redox-active enzymes. Osakai et al. [34] studied an
electron-transfer reaction between cytochrome c in water and
1,10-dimethylferrocene in 1,2-dichloroethane. They conclud-
ed that the electrochemical mechanism is getting complicated
due to the enzyme adsorption at the L|L interface. The first
report of an interfacial electron-transfer reaction (being cata-
lyzed by glucose oxidase) between β-D-glucose (present in
water phase) and the 1,10-dimethylferrocenium ion (present
in organic phase), was done by Georganopoulou et al. [35].
The electrochemical mechanism, later analyzed theoretically
by Sugihara et al. [36] by means of computer simulations,
resulted in a conclusion that the oxidation of GOxmainly took
place at the water side of the interface. In another work of
Georganopoulou et al. [37], it has been shown that the adsorp-
tion of the enzyme at the L|L interface depends on the accu-
mulation time, enzyme concentration, and ionic strength of
the aqueous phase. Using surface tension and impedance mea-
surements, they deduced that the enzyme switches from one
adsorbed state to a different one. Those two states have a
different influence on the charge storage of the interfacial
region. They also showed that one of the reasons for the
charge storage in the interfacial layer is the possible
coadsorbtion of supporting electrolyte ions.
In the present communication, an attempt was made to
analyze the coupled electron-ion transfer reaction at both
TFEs and TPEs under voltammetric conditions in the presence
of an enzyme in the aqueous phase. Glucose oxidase (GOx),
as one of the most studied enzymes [38–41], was selected due
to its redox activity and high hydrophilicity. The aim of the
study was to provide a methodological basis for application of
TFEs to study biomacromolecules via interactions with either
electron or ion transfer reaction at TFE, depending on the
specific properties of the biomolecules. The other aspect of
this investigation is that in spite of hundreds electrochemical
studies at conventional electrodes, the electrochemical studies
referring to GOx at L|L interfaces are scarce [35–37].
Experimental
Decamethylferrocene (DMFC), used as a redox mediator in
the organic phase, was a product of Fluka. All the other
chemicals were of high purity and used as received. DMFC
was dissolved in water saturated nitrobenzene (NB; 50 mmol/
dm3). Besides the redox compound, the thin film of nitroben-
zene contained 0.1 mol/dm3 tetrabuthylammonium perchlo-
rate (TBAClO4) salt as an electrolyte. It was important that
the anion is the same as the one in the aqueous electrolyte.
A graphite rod (Black graphite, GrafTech, UCAR SNC, La
Lechere France) with a diameter of 0.31 cm has been used as a
working electrode. Before modification with the NB solution,
the graphite electrode was abraded with SiC paper. Thereafter,
approximately 0.5 μl NB solution was applied on the elec-
trode surface, and the filmwas formed by spontaneous spread-
ing. The TFE was then immersed into the aqueous electrolyte
and used in a conventional three-electrode cell. The aqueous
phase consisted of 0.1mol/dm3 LiClO4, a phosphate or acetate
buffer (0.2 mol/dm3), and an appropriate amount of glucose
oxidase. The enzyme isolated from Aspergillus niger fungus
was a product of Sigma-Aldrich (CAS No: 9001-37-0). An
Ag/AgCl (3 mol/dm3 KCl) was the reference, while a Pt wire
served as a counter electrode. Cyclic (CV) and square-wave
voltammetry (SWV) were conducted using PalmSense
potentiostat (Palm Instruments BV, Houten, The Netherlands).
Besides TFEs, in order to study the influence of different
transferring ions in the presence of GOx, the three-phase drop-
let electrode configuration (TPE) was applied [9]. For the
three-phase electrode experiments, all conditions were identi-
cal as for TFE. The difference was in the modification of the
electrode and in the composition of the organic phase. Specif-
ically, the graphite electrode was modified with a macroscopic
droplet of NB solution containing only the redox mediator,
and the droplet covered only the part of the electrode surface.
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After immersion into the aqueous phase, a three-phase bound-
ary junction line was formed [9] and thus TPE too.
Raman spectra of the samples were recorded on a
MicroRaman 300 from HORIBA Jobin-Yvon. The spectra
were recorded employing the green Nd-Yag 532-nm laser line,
while long-distance ×50 lens (Olympus) was used as an ob-
jective. The maximum power on the sample without filter was
1.08 mW. The integration time employed was 60 s for the
Raman shift from 100 to 4000 cm−1. A diffraction grid with
1800 grooves/mm was used.
Results
Under conditions of repetitive cyclic voltammetry, TFE are
attributed with a well-developed and stable voltammetric re-
sponse. The voltammetric response is assigned to the well-
known one-electron-one-ion electrochemical reaction, the ki-
netics of which is controlled by the ion transfer reaction across
the O|AQ interface [3, 4, 24, 42]. In the presence of GOx in the
aqueous phase (pH 5.6), the response gradually diminishes
with potential cycling, as shown in the inset of Fig. 1. At each
concentration of glucose oxidase the response stabilizes ap-
proximately after ten potential cycles at a scan rate of v=
20 mV/s. Comparing each 10th voltammogram recorded for
different GOx concentrations, the main panel of Fig. 1 was
constructed. Figure 1 shows that the decreasing of the
voltammetric response is proportional to the increase in the
enzyme concentration. Specifically, the current decrease
obeys the following linear function: ΔIp/μA=6.971 log
c(GOx)/mol dm−3+68.59 (R=0.979), whereΔIp is the current
difference recorded in the absence and the presence of corre-
sponding concentration of the enzyme. The latter regression
line spans over the concentration interval from 1 nmol/dm3 to
1 μmol/dm3, revealing a pronounced sensitivity of TFE to the
enzyme in the aqueous phase.
Analyzing the cyclic voltammograms of Fig. 1 in more
details, one finds the formal potential of the system (i.e., the
mid-peak potential) slightly shifted toward more positive po-
tentials in the presence of the enzyme. Concomitantly, the
peak currents decrease, while the anodic-to-cathodic peak cur-
rent ratio remains virtually unchanged. Moreover, the peak
potential separation is slightly smaller in the presence of the
enzyme, decreasing in proport ion to the enzyme
concentration.
The overall effect due to the enzyme presence depends
significantly on the pH of the aqueous phase, potential differ-
ence across the O|AQ interface, and the presence of amphi-
philic species in the organic phase.
In order to inspect the role of pH, a series of experiments
analogous to that presented for pH 5.6 (cf. Fig. 1) has been
conducted but in an aqueous medium at pH 7. Contrary to the
results obtained at pH 5.6, the response of TFE in pH 7.00
remained completely unaffected by the enzyme concentration
over a wide concentration interval (10 nmol/dm3–1 μmol/
dm3). These experiments reveal that pH of the aqueous phase
is of critical importance for the overall enzyme effect to take
place (data not shown).
The influence of the potential difference across the O|AQ
interface has been inspected by performing a series of exper-
iments, where the concentration of ClO4
− in the aqueous
phase at pH 5.6 was subjected to change. Keeping in mind
that ClO4
− is the main potential-controlling ion at the liquid
interface, these experiments were expected to reveal the effect
of the potential difference across the L|L interface on the over-
all voltammetric features. Figure 2 shows that the anodic peak
current decreases with the repetitive potential cycling when
the perchlorate concentration is 0.1 or 0.5 mol/dm3. The con-
centration of the enzyme in the aqueous phase is kept constant.
Note that by increasing the ClO4
− in the aqueous phase, the
inner potential at the water side of the liquid interface is pro-
gressively becoming more positive. The diminishing of the
anodic peak current by potential cycling is more pronounced
at higher ClO4
− concentration, the slope of the line being
1.085 and 1.41 μA for 0.1 and 0.5 mol/dm3 ClO4
− concentra-
tion, respectively (cf. Fig. 2).
The effect of GOx is becoming insignificant in the presence
of cholesterol when deliberately added to the organic phase
(Fig. 3). It is well known that cholesterol is an amphiphilic
compound, which accumulates effectively at the O|AQ inter-
face [43]. Under such conditions, instead of decreasing, the
response is either identical or even slightly higher compared
with the enzyme-free TFE [25]. Recall that cholesterol affects
Fig. 1 The effect of the increasing concentration of GOx in the aqueous
phase on the voltammetric response of TFE. The organic phase contains
50 mmol/dm3 DMFC and 0.1 mol/dm3 TBAClO4. The aqueous phase is
composed of 0.2 mol/dm3 acetate buffer at pH=5.6, containing
additionally 0.1 mol/dm3 LiClO4 and GOx at concentration of 0 nmol/
dm3 (1), 1 nmol/dm3 (2), 10 nmol/dm3 (3), and 100 nmol/dm3 (4). The
scan rate is 20 mV/s. The plot shows 10th voltammogram of the
subsequent potential cycle for each GOx concentration. The inset shows
the evolution of the voltammetric response with potential cycling for
10 nmol/dm3 GOx in the aqueous phase
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significantly the physicochemical properties of both cellular
membranes and O|AQ interface, by compact packing of its
molecules via strong hydrophobic interactions of the planar
steroid ring [43].
Figure 4 summarizes an important set of experiments, the
aim of which was to inspect the catalytic activity of GOx-
modified TFE toward glucose oxidation. The experiments
have been conducted by modification of TFE into an aqueous
buffer at pH 5.6 containing 10 nmol/dm3 GOx with ten po-
tential cycles at a scan rate of v=20 mV/s, until reaching a
stable response (cf. the inset of Fig. 1). Following the latter
incubation step, the enzyme-modified TFE was transferred
into an aqueous solution free of GOx, which contained differ-
ent concentration of glucose. As can be seen from Fig. 4, the
voltammetric response enhances by increasing glucose con-
centration over the interval from 10 μmol/dm3 to 1 mmol/dm3
(see curves 3–5 in Fig. 4). In a set of control experiments with
enzyme-free TFE, virtually no effect of glucose was observed
(data not shown). Moreover, at the highest glucose concentra-
tion of 1 mmol/l, the response of TFE in the enzyme-free
solution slightly decreased, ruling out the direct redox com-
munication between DMFC and glucose across the O|AQ
interface.
A more detailed analysis of the system has been carried out
by varying the scan rate of the cyclic voltammetry, the data
being summarized in Fig. 5. Figure 5a displays the variation of
the cathodic and anodic peak currents as a function of the
square root of the scan rate in the absence (circles) and in
the presence of 10 nmol/dm3 GOx (triangles). While the
enzyme-free system ismainly diffusion controlled, in the pres-
ence of GOx, the complexity increases significantly. The same
data are re-plotted in Fig. 5b, showing the evolution of the
scan rate normalized peak currents (Ipv
−0.5) as a function of
the logarithm of the scan rate. As will be later discussed, this
sort of analysis reflects the intrinsic nature of the electrode
mechanism, revealing significant differences of the overall
electrochemical mechanism in the presence of the enzyme.
In addition, the log-log plot of the anodic peak currents versus
the scan rate in the absence of the enzyme is a linear function
with a slope of 0.42, being close to the ideal value of 0.5
associated with semi-infinite diffusion controlled processes
(Fig. 5c). In the presence of the enzyme, the linearity is still
preserved; however, the slope of the log-log dependence
Fig. 3 The effect of the increasing concentration of GOx in the aqueous
phase on the voltammetric response of TFE in the presence of 5 mmol/
dm3 cholesterol in the organic phase. The plot shows 10th voltammogram
of the subsequent potential cycling for GOx concentration of: 0 nmol/dm3
(1), 1 nmol/dm3 (2), 10 nmol/dm3 (3), 100 nmol/dm3 (4), and 1000 nmol/
dm3 (5). All other conditions are the same as for Fig. 1
Fig. 4 The effect of glucose in the aqueous phase on the voltammetric
response of TFE previously modified with GOx. Modification is
conducted in an aqueous solution containing 10 nmol/dm3 GOx by ten
potential cycles (curve 2). After modification, the electrode was
transferred into an aqueous solution free of GOx, while containing
different concentrations of glucose: 10 μmol/dm3 (3), 100 μmol/dm3
(4), and 1 mmol/dm3 (5). Curve (1) refers to the response of TFE
recorded in the enzyme-free aqueous solution. All other conditions are
the same as for Fig. 1
Fig. 2 The decrease of the anodic peak current of TFE by subsequent
cycling of the potential for 0.1 mol/dm3 (1) and 0.5 mol/dm3 (2) LiClO4
in the aqueous phase in the presence of 10 nmol/dm3 GOx. On the x-axis,
the number of the potential cycles is displayed. All other conditions are
the same as for Fig. 1
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increases significantly to 0.7, implying that the mass transfer
regime is strongly affected by phenomena different than dif-
fusion. Figure 5d depicts the variation of the peak potentials
with the logarithm of the scan rate. The linear shift of both
cathodic and anodic peak potentials reflects the quasi-
reversible nature of the overall electron-ion coupled electro-
chemical processes [3, 4, 24]. The peak potential separation
increases more rapidly by increasing the scan rate in the pres-
ence of the enzyme compared with the enzyme-free electrode,
implying that the overall electrochemical process is becoming
slower in the presence of the enzyme.
The effective modification of TFE with GOx, i.e. the spon-
taneous accumulation of GOx on the O|AQ interface, was
additionally studied by Raman spectroscopy. For that purpose,
approximately 0.2 μl nitrobenzene (without DMFC and
TBAClO4) was applied on a cleaned graphite electrode sur-
face. The TFE was then immersed in a GOx water solution
with concentration of 0.1 mmol/dm3. After 30 s incubation
period, the electrode was taken out of the solution and the
electrode film was subjected on air to evaporation for approx-
imately 30 min. After that, the dry electrode surface was re-
corded using micro-Raman spectroscopy. The same procedure
was repeated for another two samples, where the concentra-
tion of GOx water solution was the same but with 5 and
15 min time of immersion. Figure 6a presents Raman spectra
of graphite electrode, nitrobenzene, and crystal GOx. Since
the scattering occurred from the surface of the electrode,
where the radiation was focused, the more GOxwas adsorbed,
the more the spectrum of the sample represents a pure GOx
spectrum (curve (c) in Fig. 6a) and less the spectrum of a
graphite electrode (curve (a) in Fig. 6a). It was assumed that
most of the nitrobenzene has evaporated without producing a
strong signal in the sample spectrum. Figure 6b presents Ra-
man spectra of the three samples having different immersion
times. It is evident that as the immersion time interval was
increased, the intensity of the bands at 1596 cm−1 (the so-
called G band) and 1325 cm−1 (D band) [44, 45] (characteris-
tic for graphite) lowers, while the bands characteristic for
crystal GOx have increased. This is particularly visible by
the observation of the ν3(CH2)/ν3(CH3) frequency region
3000–2800 cm−1 (cf. inset Fig. 6b), since these groups are
neither present in graphite nor in nitrobenzene. Bands charac-
teristic for nitrobenzene (which has not evaporated completely
from the sample), especially the one due to the symmetric
stretching νs(NO2) and bending δs(NO2) vibrations with max-
imum at 1345 cm−1 and 1004 cm−1, respectively [46], can still
be seen in some of the sample spectra (cf. curves (e) and (f) in
Fig. 6b).
Finally, to study the effect of GOx in the presence of dif-
ferent transferring ions, the methodology of three-phase drop-
let electrodes [9] has been applied. The latter electrode con-
figuration is highly sensitive to the type of the transferring ion
and is well suited for studying thermodynamics of ion transfer
reactions [9–14]. In this work, the transfers of SCN−, NO3
−,
Cl−, and Br− ions across the O|AQ interface have been studied
in the presence of GOx. For this purpose, the electrode was
Fig. 5 Analysis of the
voltammetric response on the
scan rate in the absence (circles)
and the presence of 10 nmol/dm3
GOx (triangles) in the aqueous
phase. The scan variation was
conducted after ten potential
cycles, i.e., after receiving a stable
time-independent
voltammogram. All other
conditions are the same as for
Fig. 1
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partly modified with the organic solution droplet containing
the redox probe only. In order to increase the sensitivity and
precision of the voltammetric measurements, square-wave
voltammetry has been utilized [47]. The role of the enzyme
was studied at pH 4.5 and 5.6. At pH 4.5, the enzyme is close
to the isoelectric point; hence at pH 5.6, the negative charge
prevails on the enzyme surface. Typical SW voltammograms
for the transfer of SCN− ions in pH 5.6 are depicted in Fig. 7.
Curve 1 corresponds to the net SWvoltammogram recorded at
the three-phase electrode in the absence of the enzyme,
reflecting the transfer of SCN− from the aqueous to the organic
phase. Curve 2 shows the response of the same elec-
trode in the presence of 10 nmol/dm3 enzyme in the
aqueous phase, the voltammogram being recorded im-
mediately after immersing the modified electrode into
the aqueous phase. Curve 3 in Fig. 7 is recorded after
5 min incubation period in the same solution. Obvious-
ly, the presence of the enzyme, as well as the
incubation period, exhibits a pronounced effect on both
intensity and the position of the voltammetric peak.
Commonly, voltammograms recorded in the enzyme
containing aqueous solution are attributed with more
positive peak potential, indication that the ion transfer
process requires higher energy. The peak current is ob-
viously increased for curve 2, recorded right after im-
mersing the electrode into the enzyme containing aque-
ous phase. Prolonged incubation period is followed by
blocking effects and strong diminishing of the peak
height. Table 1 summarizes the peak potential shift in
the presence of GOx for all studied anions. Generally,
for SCN−, NO3
−, and Cl−, a positive shift of the peak
potential is observed, which is more pronounced at lon-
ger incubation of the electrode. On the contrary, for
Br−transfers, a shift of the net SW peak toward more negative
potential was found after incubation of the electrode, indicat-
ing energetically facilitated ion transfer reaction.
Fig. 6 a Raman spectra of graphite (a), nitrobenzene (b), and crystal
GOx (c). b Raman spectra of adsorbed GOx on graphite electrode after
evaporation of nitrobenzene film for samples with different immersion
times in GOx water solution: 0.5 min (d), 5 min (e), and 15 min ( f ). The
inset of (b) shows the changes in bands intensity for the frequency region
of the ν3(CH2)/ν3(CH3) modes (present only in GOx). These spectra
were previously normalized for the band at 1596 cm−1 G band
Fig. 7 Typical net SW
voltammograms at three-phase
electrodes in: aqueous buffer at
pH 5.6 containing 0.5 mol/dm3
KSCN (1); the aqueous phase
contains additionally 10 nmol/
dm3 GOx (2); and after 5 min
incubation of the electrode in the
enzyme-containing solution (3).
The parameters of the potential
modulation are frequency at 8 Hz;
pulse height at 50 mV, and step
potential at 1 mV. The organic
phase consists of only 50 mmol/
dm3 DMFC solution in
nitrobenzene
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Discussion
Electrochemical processes at thin organic-film-modified elec-
trodes couple the electron transfer at the GE|O with the ion
transfer across the O|AQ liquid interface. Using DMFC as a
redox mediator dissolved in nitrobenzene, and ClO4
− as a
transferring ion, the coupled electron-ion transfer process is
electrochemically quasireversible, the ion transfer being the
rate controlling step [3, 4, 24, 42]. The peculiar feature of
the overall system is that the O|AQ liquid interface is nonpo-
larizable in the course of the voltammetric experiment, and its
potential gradient is mainly controlled by the partition of the
common ClO4
− ions present in both liquid phases.
In the presence of GOx in the aqueous phase (cf. Fig. 1),
the formal potential of the system slightly shifts toward more
positive values, while the morphology of the voltammetric
response remains virtually unchanged. Hence, in spite of the
fact that at pH 5.6 the enzyme is partly negatively charged
(pI=4), GOx does not participate directly to the ion transfer
reaction, while ClO4
− remains the main transferring ion. The
diminishing of the intensity of the voltammetric response by
repetitive potential cycling and by increasing the concentra-
tion of the enzyme is a consequence of the accumulation of the
enzyme at the liquid interface, which is in accord with other
findings [35–37]. In the enzyme concentration interval from
nano- to micromolar range, a stable enzyme film is formed,
which, however, does not preclude the transfer of ClO4
− ions
completely, while blocking partly the surface area of the
liquid interface. An important finding is that the
adsorbed enzyme does not cause an increase of the re-
sistance of the system, as could be inferred from the
peak potential separation of the cyclic voltammograms
presented in the main panel of Fig. 1.
The adsorption of the enzyme is mainly driven by the
lipophylic interactions of the enzyme with the organic solvent
[26–33, 35–37]. It is plausible to assume that the enzyme
molecules are oriented at the liquid interface, with the nega-
tively charged surface leaning toward the aqueous phase. Yet,
at given pH (i.e., at a constant charge of the enzyme surface),
the potential difference at the liquid interface affects slightly
the compactness of the enzyme film, as indicated by the data
in Fig. 2. The potential difference at the O|AQ interface is
defined as
Δoaqϕ ¼ ΔoaqϕθClO‐4 þ
RT
F
ln
aClO‐4 oð Þ
aClO‐4 aqð Þ
; ð1Þ
where Δaq
o ϕ=ϕo−ϕaq, ϕ is the inner potential of particular
phase. Hence, by increasing c(ClO4
−(aq)), the aqueous phase
becomes more positive relative to the organic phase. One can
assume that the repulsive interactions between oriented and
negatively charged enzyme molecules decreased due to the
charge compensating effect by the positive charge at the water
side of the liquid interface. As a consequence, more compact
enzyme film is formed at the liquid interface at higher
ClO4
−(aq) concentration, providing an explanation for the ex-
perimental data in Fig. 2. However, by increasing pH from 5.6
to 7 the surface charge of the enzyme increases proportionally.
As a consequence, the enzyme becomes more hydrophilic,
which prevents its adsorption at the liquid interface. The latter
explains why the response of TFE remains unaffected by the
enzyme at pH 7, over a wide concentration interval (from
1 nmol/dm3 to 1 μmol/ dm3).
The adsorption of the enzyme at pH 5.6 can be precluded
by using an amphiphilic co-adsorbent as cholesterol, deliber-
ately added to the organic phase (cf. Fig. 3). As an amphiphilic
molecule, cholesterol is known to affect strongly the proper-
ties of cellular membranes making the membrane more fluid
[25, 43]. It also affects the properties of the O|AQ interface, by
accumulation and strong packing at the interface via hydro-
phobic interactions between the steroid moiety of its molecule
and the organic phase, while the hydroxyl group is being
oriented toward the aqueous phase. Obviously, the cholesterol
film prevents the large enzyme molecules to penetrate though
the liquid interface in the organic phase with their hydropho-
bic parts, which proves indirectly the tendency for adsorption
of the studied enzyme at the bare L|L interface. The spectro-
scopic data, summarized in Fig. 6, confirm independently that
the studied enzyme accumulates on the L|L interface. Clearly,
the adsorption process is mainly driven by the lipophilic in-
teractions of the enzyme with the organic solvent, being inde-
pendent on the redox probe and the supporting electrolyte in
the organic phase. The latter conclusion is additionally sup-
ported by the voltammetric experiments conducted with three-
phase droplet electrodes, where the adsorption of the enzyme
was detected although the organic phase was free of a
supporting electrolyte (cf. Fig. 7).
An important finding is that the adsorbed enzyme at the
liquid interface preserves its structure and catalytic activity, as
Table 1 The shift of the net SW peak potential (ΔEp=Ep(GOx)−Ep(no
GOx)) in the aqueous phase containing 10 nmol dm−3 GOx
Transferring anion SCN− NO3
− Cl− Br−
pH 4.5
ΔE/mVa 10 30 3 6
ΔE/mVb 19 55 50 −11
pH 5.6
ΔE/mVa 8 42 78 7
ΔE/mVb 19 55 50 −11
The experimental conditions are the same as for Fig. 7
a Right after immersing the three-phase droplet electrode in the enzyme-
containing aqueous phase
bAfter incubation of the electrode for 5 min into the enzyme- containing
aqueous phase
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demonstrated through the experiments with glucose
present in the aqueous phase (cf. Fig. 4), being in ac-
cord with other findings [37]. In the presence of glucose
in the aqueous phase, the DMFC/DMFC+ redox couple
mediates the electron transfer between the electrode and
the adsorbed enzyme causing an enhancement of the
voltammetric response by increasing the concentration
of glucose (see curves 3–5 in Fig. 4).
The scan rate analysis presented in Fig. 5 implies that the
immobilized enzyme alters the overall electron-ion electro-
chemical mechanism at TFE. We assume that the ion transfer
reaction is complicated by adsorption at the water side of the
liquid interface due to specific interactions with the large en-
zyme molecules assembled at the interface, which is in agree-
ment with the findings of Georganopoulou et al. [37]. Thus,
the overall electrochemical reaction (Eq. 2) is additionally
complicated by the adsorption equilibrium reaction of the
transferring ion (Eq. 3):
Red oð Þ þ X− aqð Þ⇄Oxþ oð Þ þ X− oð Þ þ e− ð2Þ
X− aqð Þ⇄X− adsð Þ; ð3Þ
where Red/Ox+ represents the redox couple in the organic
phase and X− is the transferring ion.
The mathematical modeling and simulation of the overall
assumed mechanism (Eqs. 2 and 3) is presented in the next
section, enabling qualitative understanding of the
voltammetric properties of TFE in the presence of the enzyme.
The adsorption complicated mechanism can also provide ex-
planation of the system studied with three-phase electrodes by
means of SWV (cf. Fig. 7). As will be shown below, the shift
of the net SW voltmmograms toward more positive potentials
in the presence of enzyme reflects the excess of the energy
needed to compensate the adsorption energy of the transfer-
ring ion at the liquid interface.
Theoretical consideration
The voltammetric properties of TFE in the presence of the
enzyme can be only partly rationalized with the aid of previ-
ous theories referring to the simple ion transfer reaction at TFE
[3, 4, 24]. The present experimental system requires consider-
ation of a coupled electron-ion transfer second-order electro-
chemical reaction (Eq. 2), additionally accompanied by ad-
sorption of the transferring ion due to specific interactions
with the immobilized enzyme (Eq. 3). To achieve this goal,
we made an attempt to model the reaction mechanism by
assuming the simplest linear adsorption isotherm of the trans-
ferring ion, β(cX(aq))x=0=ΓX(ads). Here, β (cm) is the adsorp-
tion constant, (cX(aq))x=0 and ΓX(ads) are surface concentrations
of the transferring ion at the water side of the liquid interface,
referring to the dissolved and adsorbed state of the ion,
respectively. To simplify the complexity of the system, we
assume a semi-infinite mass transfer regime and kinetic model
referring to a second-order electrochemical process, associat-
ed with the apparent phenomenological standard rate constant
ks,app (s
−1 mol−1 cm4) [24]. At the beginning of the experi-
ment, the bulk concentrations of Red(o), X−(aq) and X−(o)
are c
Red oð Þ ¼ 0:05 mol/L, c∗X(aq)=c∗X(o)=0.1mol/dm3, respec-
tively, while c∗Ox(o)= 0 as the experiment starts with no bulk
concentration of Ox species (cf. Fig. 1). Mathematical solu-
tions for the surface concentrations of Red(o), Ox(o), and
X−(o) are [48]:
c ið Þx¼0 ¼ c*i þ k
Zt
0
I τð Þ
FA
ﬃﬃﬃﬃ
D
p dτﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
π t−τð Þp ð4Þ
where ci
∗ is the bulk concentration of particular species
and k=−1 for Red(o), and k=1 for both Ox(o) and
X−(o) species. The solution for the surface concentration
of the adsorbing ion at the liquid interface is:
cX aqð Þ
 
x¼0 ¼ c*X aqð Þ 1−exp ξ2t
 
erfc ξ
ﬃﬃ
t
p  
−ξ
Zt
0
I τð Þ
FA
ﬃﬃﬃﬃ
D
p exp ξ2 t−τð Þ 
erfc ξ
ﬃﬃﬃﬃﬃﬃﬃ
t−τ
p 
dτ
ð5Þ
where ξ ¼
ﬃﬃﬃ
D
p
β [48]. In the absence of adsorption, the
solution for X−(aq) is given by Eq. (4), taking into
account its bulk concentration and k=−1. In Eqs. (4)
and (5), I is the current, A is the electrode surface area,
or the surface area of the liquid interface, t is time, F is
Faraday constant, and D is the diffusion coefficient,
being set to the same value for all electroactive species.
The solut ion for the surface concentra t ion of
electroactive species are combined with the second-
order kinetic equation:
I
FA
¼ ks;appexp αϕð Þ cRed oð Þ
 
x¼0 cX aqð Þ
 
x¼0−exp −ϕð Þ cOx oð Þ
 
x¼0 cX oð Þ
 
x¼0
h i
ð6Þ
where α is the transfer coefficient and ϕ is the dimen-
sionless potential ϕ ¼ FRT E−E∘
0 
, defined as a difference
of the electrode potential E and the formal potential E∘ ′
of the reaction (2) [24]. For numerical simulation, the
step-function method was applied adopted for cyclic
voltammetry [49]. For this purpose, the time increment
was defined as d ¼ ΔE RT50vF , where ΔE is the potential step,
R is universal gas constant, T is temperature, and v is
the scan rate.
The outcomes of the simulations, conducted with the soft-
ware packageMathcad, are represented in the following form:
I ¼ FAc*X aqð Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DvF=RT
p
Ψ , where Ψ is the dimensionless current
function, calculated by simulations, which represents the
J Solid State Electrochem
intrinsic voltammetric properties of the electrochemical
mechanism.
Simulations reveal that voltammetric properties are
mainly controlled by adsorption parameter ρ ¼
ﬃﬃﬃ
D
p
β
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
vF=RT
p ,
kinetic parameter κ ¼ ks;appc
*
X aqð Þﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DvF=RT
p and concentration ratios
C1 ¼
c*
Red oð Þ
c*
X aqð Þ
and C2 ¼
c*
X oð Þ
c*
X aqð Þ
. When the adsorption is very
week (β→0), the outcome of the simulation for the
adsorption mechanism (Eqs. 2 and 3) is identical
with the adsorption free mechanism simulation
(Eq. 2 only), as shown in Fig. 8a. The later simple
comparison supports the correctness of the complex
model considering the adsorption of the transferring ion. In
addition, Fig. 8b shows the effect of the adsorption constant of
the transferring ion on the simulated cyclic voltammograms.
Increasing the strength of adsorption, the mid-peak potential
shifts toward more positive values in proportion to the adsorp-
tion energy of the transferring ion. This sort of theoretical
analysis explains the slight shift of the mid-peak potential of
voltammograms presented in the main panel of Fig. 1 by in-
creasing the concentration of the adsorbed enzyme, which
prompts coadsorption of the transferring ClO4
− ions. Note that
the strength of the adsorption does not affect the peak current
in simulated voltammograms (cf. Fig. 8b), as the transferring
ion is not the mass transfer limiting species in the overall
second-order reaction (2) (i.e., cX(aq)
∗ >cRed(o)
∗ ). In the real volt-
ammograms (cf. Fig. 1), as previously mentioned, the decreas-
ing of the current is primarily due to decreasing of the surface
area of the liquid interface by adsorption of the enzyme.
While the presence of adsorption generally shifts the for-
mal potential toward higher values, the increasing of the sur-
face concentration of the adsorbed ion ΓX(ads) by applying an
accumulation period prior to the potential scan has an opposite
effect. This was confirmed by simulations conducted by ap-
plying an extended accumulation period prior to the applica-
tion of the potential modulation. This peculiarity is a
Fig. 8 Theoretical data. a Comparison of the simulated data for the
model with no adsorption (red line) and the model with adsorption for
low adsorption constant of β=10−3 cm (blue dotted line). b The effect of
the adsorption constant for cyclic voltammetry. The values of the
adsorption are: β=0 cm (1), 0.01 cm (2), 0.02 cm (3), and 0.1 cm (4). c
The effect of the adsorption constant for square-wave voltammetry. The
values of the adsorption are β=0 cm (1) and 0.01 cm (2). d The fitting of
the experimental (triangles) with the theoretical (circles) data for the peak
potential separation of cyclic voltammograms for different scan rate. The
experimental conditions are the same as for Fig. 5d. The theoretical data
are calculated for ks, app=10 cm
4 s−1 mol−1, β=0.1 cm, and accumulation
time of 100 s. The rate constant for (a)–(c) is ks, app=50 cm
4 mol−1 s−1.
The other conditions of the simulations valid for all panels are D=1×
10−6 cm2 s−1, α=0.5, c
Red oð Þ ¼ 0:05 mol/dm3, cX(aq)∗ =cX(o)∗ =0.1mol/dm3,
and cOx
∗ =0. For CV simulations v=5 mV/s and for SWV frequency f=
10 Hz, height of the pulses (SWamplitude) Esw=50 mV, and step poten-
tial ΔE=10 mV
J Solid State Electrochem
consequence of the second-order nature of the overall electro-
chemical process (Eq. 2) [50]. An increased surface concen-
tration of the transferring ion at the L|L interface shifts the
equilibrium reaction (2) toward the right-hand side, which is
manifested as a shift of the anodic peak toward less positive
potentials by increasing the accumulation time. Due to these
reasons, for a given value of the scan rate, the peak potential
separation is slightly deceased in the presence of enzyme, the
decreasing being proportional to the enzyme concentration as
shown in Fig. 1 and discussed in BResults.^
Figure 8c shows the effect of the adsorption on the simu-
lated net SW voltammograms. In accord with the data obtain-
ed by cyclic voltammetry, the net SW peak shifts toward more
positive potentials in the presence of adsorption, which ex-
plains the experimental results obtained with SWV and
three-phase electrodes (cf. Fig. 7).
In the absence of adsorption, simulations predict that the
anodic and cathodic peak currents in cyclic voltammetry would
be linear functions of v1/2. Thus, the log(I) vs. log(v) plot is a
linear function with a slope 0.5, as a result of the semi-infinite
mass transfer regime. This explains the experimental data pre-
sented in Fig. 5a, c (circles), corresponding to the experiments
conducted in the absence of the enzyme. Considering the def-
inition of the real current as I ¼ FAc*X aqð Þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DvF=RT
p
Ψ , it fol-
lows that the ratio Iﬃﬃ
v
p is equivalent to the dimensionless function
Ψ. This explains the results presented in Fig. 5b. In the case
when the adsorption of the transferring ion is taking place, the
dimensionless function Ψ depends on both ρ and κ. Thus, the
variation of the scan rate affects simultaneously both parame-
ters, resulting in a very complex nonlinear variation of the func-
tionΨ. This result now explains the complex nonlinear variation
of the ratio Iﬃﬃ
v
p vs. log(v) presented in Fig. 5b (triangles) mea-
sured in the presence of adsorbed enzyme.
In the absence of adsorption, simulations reveal that the
dimensionless function Ψ decreases with log(v), due to the
quasireversible nature of the overall electrochemical process.
The influence of the scan rate is manifested through the kinetic
parameter κ only, which decreases by increasing v. Thus, in
agreement with the simulations data, the ratio Iﬃﬃvp decreases
monotonically with log(v) for experiments in the absence of
the enzyme (cf. Fig. 5b, circles).
The peak potential separation increases with log(v) due to
the quasireversible nature of the electrochemical process, re-
gardless of the enzyme presence (cf. Fig. 5d). The peak po-
tential separation increase with scan rate more rapidly in the
presence of the enzyme, indicating that rate of ion transfer is
slower compared with the bare L|L interface. The best fitting
result of the experimental and theoretical data for the experi-
ments in the presence of enzyme is given in Fig. 8d, corre-
sponding to the apparent rate constant for the ion transfer
process of ks,app=10 cm
4 s−1 mol−1 (linear regression correla-
tion coefficient R2=0.994), while the experiments in the ab-
sence of enzyme are attributed with the rate constant of ks,app=
15 cm4 s−1 mol−1 (data not shown). Obviously, due to the
specific interactions of the transferring ion with the
immobilized enzyme, the rate of the ion transfer reaction is
lowered compared with the bare L|L interface.
Conclusions
It has been demonstrated that thin organic-film-modified elec-
trodes in combination with voltammetric techniques are well
suited and highly sensitive tool for studying enzymes at
liquid|liquid interfaces. Glucose oxidase adsorbs strongly at
the water|nitrobenzene interface affecting significantly the
ion transfer across the interface, even at nanomolar concentra-
tion level of the enzyme. The effective accumulation of the
enzyme at the liquid interface could be monitored in situ by
repetitive cyclic voltammetry. The surface enzyme concentra-
tion at the liquid interface depends on the enzyme concentra-
tion, accumulation time, pH, and concentration of the aqueous
electrolyte. Under presented experimental conditions of pH
and electrolyte concentration, a stable enzyme film retaining
its enzymatic activity is formed at the liquid interface. The
active enzyme enables electron transfer between the redox
mediator in the organic phase and glucose in the aqueous
phase. The compactness of the enzyme film increases by in-
creasing the concentration of the transferring perchlorate ions
in the aqueous phase. This is explained by electrostatic
shielding effect and decreasing of the repulsive interactions
between adsorbed enzyme molecules, which supports find-
ings of other authors [37]. Spectroscopic Raman data, together
with the voltammetric data collected with three-phase droplet
electrodes, imply that the enzyme adsorption does not depend
on the redox mediator or the supporting electrolyte in the or-
ganic phase Adsorbtion is driven by intrinsic interactions of the
enzymewith the organic solvent. The adsorption of the enzyme
prompts coadsorption of the transferring ion, thus altering the
overall mechanism of the coupled electron-ion transfer reaction
at TFEs. The modeling of the electrochemical mechanism on
the basis of phenomenological second-order kinetic model pro-
vides a basis for in-depth understanding of the voltammetric
properties of the system. A comparison of the theoretical and
experimental data collected by varying the scan rate in cyclic
voltammetry indicates that besides coadsorption, the presence
of enzyme slightly slows down the transfer of perclorates
across the water|nitrobenzene interface.
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